anticancer drug paclitaxel (Ptx) effect on biochemical mechanisms, regulating apoptosis in anaplastic thyroid carcinoma cells, was studied. It was shown that in addition to apoptotic cell death, Ptx induces signa lingcascadesthatensurecellsurvival.Paclitaxel-inducedactivationofnuclearfactorkappaB(NF-κВ) leadstoanincreaseofsomeantiapoptoticproteinsexpressionsuchassurvivin,cIAP,XIAP.AnovelNF-κВ inhibitor, dehydroxymethylepoxyquinomicin (DhMeQ), was found to enhance cytotoxic effect of Ptx in anaplastic thyroid carcinoma cells. an enhancement of caspase-3 and -9 activation and ParP cleavage as well as the decreased levels of proteins-inhibitors of apoptosis were observed when cells were treated with a combination of both drugs. Mitochondria transmembrane potential (ΔΨ m ) loss was observed at higher concentrationsofPtxandDHMEQ.NF-κВinhibitionalsopotentiatespaclitaxeleffectattumorsformedbyxenotrans-plantationofFROcellsintomice.Tumormassreduction,significantlydifferentfromtheeffectsofeachofthe compoundsalone,wasobservedinanimals,treatedwithpaclitaxelandNF-κВinhibitor.Thus,thecombined useofpaclitaxelandNF-κВinhibitorinhibitsbiochemicalprocessesthatcontributetotheresistanceofana-plastic thyroid carcinoma cells to paclitaxel action.
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P aclitaxel (Ptx) is one of the most effective anticancer drugs commonly used to treat cancer patients [1, 2] . There are researches conducted on the possibility of its use for the treatment of patients with the thyroid cancer [3, 4] . Experimental data available indicate that in thyroid tumor cells Ptx activates not only the processes that cause cell death, but also the mechanisms that actively counteract to Ptx-induced apoptosis [3] . Therefore, studies aimed at finding methods of inactivation of biochemical mechanisms involved in the formation of tumor cells resistance to this anticancer drug are important.
Nuclear factor NF-κB is the universal transcription factor that controls the expression of a variety of genes. Family of NF-κB factors is involved in many signaling mechanisms that control the immune response, processes of proliferation, survival, differentiation, apoptosis, cell division and migration [5, 6] . Dysregulation of NF-κB functions leads to inflammation and is associated with many diseases, including cancer [7] [8] [9] [10] . Moreover, NF-κB is considered as one of the major mediators linking chronic inflammation and malignant transformation of cells [7, 9, 10] . NF-κB is constitutively active in most types of cancer, and many signaling pathways, involved in carcinogenesis, are accompanied by this factor activation [10, 11] .
In mammalian cells NF-κВ family includes: p65 (RelA), RelB, c-Rel, p50/p105 (NF-κB1) and p52/p100 (NF-κB2). These proteins have a unique Nterminal Rel-homologous domain for hetero-or homodimers formation and DNA binding. C-terminal transactivation domain of p65, RelB and c-Rel functions as transcription activator when bound to p50 or p52. The most common form of NF-κB is a heterodimer consisting of p65 and p50. In most normal quiescent cells NF-κB dimers are bound and kept in cytoplasm by inhibitor kappa B (IκB), which masks the so-called nuclear localization sequence in NF-κB proteins. Currently five members of a family of IκB proteins were identified: IκBα, IκBβ, IκBγ, IκBε and Bcl-3. The high affinity of IκB proteins for NF-κB provides tight control of this signaling pathway activation. RelA (p65) was previously recognized as a potential oncogene [5, 6] .
The NF-κB activation in response to extracellular stimulation and intracellular stress events is mainly controlled by the canonical (classic) and non-canonical (alternative) signaling pathways. In particular, complex of kinase IκB (IKK), which is composed of two catalytic subunits IKKα (IKK1) and IKKβ (IKK2) and regulatory component NEMO (NF-κB modulator; IKKγ) are involved in the control of the canonical pathway [5, 6, 11] .
The influence of nuclear factor NF-κB on apoptotic processes in tumor cells was intensively investigated in the recent years. It was shown that the factor activated a group of genes whose products suppressed apoptosis by caspases inhibiting [5] . In particular, it relates to gene family of proteins-inhibitors of apoptosis, which are capable of suppres sing the activi ty of effector caspases, and the caspase-3 in the first place [12] . These include cIAP1, cIAP2, survivin, XIAP, and besides, these proteins may cause the second wave of NF-κB activation, thus further enhancing the expression of antiapoptotic genes [13, 14] . Since NF-κB plays an important role in antiapoptotic processes, causes chemo-and radioresistance of tumor cells [5, 15, 16] , it was expected that its inhibition would enhance the Ptx toxicity in tumors. Previous data showed that NF-κB suppression with DHMEQ inhibitor enhanced radiation-induced apoptosis in thyroid cancer cells [17] .
The aim was to study the biochemical mechanisms of combined action of Ptx and a new inhibitor of nuclear factor NF-κB, dehydroxymethylepoxyquinomicin (DHMEQ), on apoptotic processes in the anaplastic thyroid carcinoma cells and tumor xenotransplants.
Materials and Methods
reagents.
Polyclonal antibodies to caspases, PARP, p65 (RelA), IκBα, survivin, cIAP-2, XIAP (X-linked inhibitor of apoptosis), phosphorylated proteins cRaf-1, IKKα and horseradish peroxidase conjugated second antibodies were from the "Cell Signaling Technology" (USA). Complexes of proteins with antibodies were visualized using ECL reagent (Amersham Life Science, UK). Paclitaxel was from "Wako Chemicals" company (Osaka, Japan). DHMEQ was kindly provided by Dr. K. Umezava (Keio University, m. Yokohama, Japan). Stock solution of racemate DHMEQ (10 mg / mL) were prepared in DMSO and stored at -20 °C.
Cell lines. Human anaplastic thyroid carcinoma cells FRO, ARO and mutARO (cell line with a mutated NF-κBIA encoding cytosolic protein inhibitor of NF-κB -IκBα) were used. All cell lines were obtained from prof. V.A. Saenko and prof. S. Yamashi ta (Nagasaki University Graduate School of Biomedi cal Sciences, Nagasaki, Japan).
Conditions of culturing. Cells were grown in RPMI-1640 medium supplemented with 5% fetal bovine serum (FBS) and the mixture of penicillin/ streptomycin (100 U/ml/100 μg/ml, respectively), in a 5% CO 2 humidified atmosphere at 37 °C. After 2 days incubation, when the culture reached about 80% confluence, cells were washed twice with phosphate-buffered saline (PBS) (pH 7.4) at 37 °C, and a fresh medium was added to each dish. Cells were incubated for additional 24 h, exposed to the drugs dissolved in dimethylsulfoxide (DMSO), and then collected at different time intervals. In control samples we added the same amount of DMSO. After incubation, cells were washed twice with cold PBS (2 °C), containing sodium pyrophosphate and orthovanadate, collected in 1 ml of PBS buffer and pelleted for 3 min at 200 g and 2 °C. Preparation of cell lysates and Western blot analysis was performed as previously described [3] . Developed X-ray film was scanned using GelPro 3.1 software and normalized by β-actin amount in each lane.
Cell survival assay. Cultures were established in the 96-well flat-bottom microtiter plates (Nalge Nunc International, Tokyo, Japan) in RPMI 1640 containing 5% FBS. Cell suspensions (100 μl, ~1000 cells/well) were added to each well and incubated for 24 h before treatment. Ptx (10 μl) and DHMEQ dissolved in DMSO (in control samples -DMSO only) were added to each well at increasing concentrations, six wells for each concentration. After incubation, a water-soluble tetrazolium salt-based assay (WST) was performed as follows: 11 μl of the cell counting kit solution (CCK-8, Dojin, Osaka, Japan) were added to each well and incubated for 1 h at 37 °C. Optical density was read at 450 nm in a microplate reader.
assessment of mitochondrial membrane potential. Changes in electrochemical potential of mitochondrial membrane were examined using flow cytometry analysis of cells stained with tetramethylrhodamine ethyl ester (TMRE, Molecular Probes, Eugene, OR), a cell-permeable dye accumulating експериментальні роботи in mitochondria with unaltered membrane potential [18] . Cells were harvested by trypsinization at the end of experimental protocol, and 1×10 5 cells were incubated with 100 ng/ml TMRE for 15 min at RT in HEPES-buffered saline (pH 7.4) followed by the analysis with the FACScan (20,000 cells/sample). The fluorescence intensity of TMRE was monitored at 582 nm (FL-2).
Nude mouse xenograft model. Standards of experimental animals maintenance meet the essential requirements of Bioethics Committee to maintain and work with laboratory animals and the European Convention for the Protection of Vertebrate Animals used for experimental and other scientific purposes (Strasbourg, 1986) .
FRO cells were grown in RPMI 1640 supplemented with 5% fetal bovine serum in a 5% CO 2 humidified atmosphere at 37 °C. Cells (5×10 6 cells per animal) resuspended in RPMI 1640 were injected s.c. into both flanks of 8-week-old female BALB/c nu/nu mice (Charles River, Japan, Tokyo), 9 animals per group. Animal weight was about 25 g. Tumor sizes were measured each alternate day with callipers, and tumor volumes were calculated according to the formula: a 2 ×b×0.4, where a is the smallest tumor diameter and b is the diameter perpendicular to a. Treatment with Ptx and DHMEQ started after the tumor size approached 100 mm 3 . Ptx (10 mg/kg/day) and DHMEQ (8 mg/kg/day) diluted in Cremophor EL (Sigma, USA), ethanol and PBS (pH 7.4) (1:1:1 v/v/v/) were injected intraperitoneally (i.p.) daily for 7 days. Animals from the control group received vehicle injections. To determine the effect of low doses of Ptx on tumor growth, animals were treated with i.p. Ptx injections at a dose of 2 mg/kg/day daily for 20 days.
Statistical analysis. All data were expressed as a mean ± SD or mean ± SE. Differences between groups were examined for statistical significance using Student test. P < 0.05 was considered indicating statistical significance.
results and Discussion
Effect of Ptx on the components of NF-κB signaling cascade. Ptx enhances phosphorylation of IKKα kinase and thus activation of NF-κB, in 3 hours of cells incubation with the drug, with a maximum at 12 h (Fig. 1, a) . A clear increase of IKKα phosphorylation was observed starting from 10 nM of Ptx concentration (Fig. 1, B, C) . At the same time a decrease of IκBα content, due to its phosphorylation by IKKα and degradation of this protein in proteasomes [5, 6] , was observed. The amount of p65 (RelA) gradually increased starting from 5 nM concentration of Ptx, reached a maximum at 10 nM (1.5-fold relative to control) and dropped to a level that is lower than the control with a further increase in drug concentration (Fig. 1, B, C ) .
Thus, in anaplastic thyroid carcinoma cells Ptx initiates signaling mechanisms associated with the activation of NF-κB.
EffectofPtxandNF-κBinhibitoronthestate of proteins involved in apoptosis. Study of Ptx and DHMEQ effect on the proteins involved in the apoptotic process showed that Ptx and DHMEQ enhance the activation of caspase-3, caspase-9 and PARP cleavage. There was almost no activation of the main effector caspase-3 in the control samples. In the presence of Ptx, and, in particular, NF-κB inhibitor cleavage of caspase-3 significantly increased (Fig. 2,  a, C) . The combination of both agents demonstrates an additive effect that exceeds the effects of individual compounds. The same pattern was observed in the study of caspase-9 activation, which represents the mitochondrial pathway of apoptosis (Fig. 2, a) .
One of the evidences of caspases activation is partial proteolysis of their protein substrates including PARP, which splits under the caspase action into two fragments (89 and 24 kDa). PARP is useful for apoptosis quantify because its large fragment (89 kDa) is close in size to the intact PARP (117 kDa), which makes it possible to observe simultaneously the decrease in the content of intact protein and increase of its large fragment. Fig. 2 , a, C shows intactness of PARP in control samples. Under the action of Ptx 89 kDa fragment content is increased, in the presence of NF-κB inhibitor PARP further degrades and combined effect of both compounds gives the maximum effect.
To ascertain the specific mechanisms of antiapoptotic action of NF-κB we studied the expression of some antiapoptotic proteins. It is known that some proteins-inhibitors of apoptosis (cIAP1-2, XIAP, survivin), expression of which can be controlled by NF-κB, are involved in the regulation of apoptosis. It was assumed that inhibition of NF-κB would lead to reduced expression of these proteins and, consequently, to enhancement of paclitaxel-induced apoptotic processes. Fig. 2 , B, C shows that in the presence of Ptx, expression of these proteins in tumor cells increases significantly. In particular, it concerns cIAP2, the v. v. PUSHKAREv, D. v. STARENKI, v. M. PUSHKAREv et al. 
Fig.1.EffectofpaclitaxeluponactivationandamountofthesignalingcascadeNF-κBcomponentsinFRO cells.IdentificationofproteinsbyWesternblotanalysis(A,B)andNF-κBsignalingcascadecomponentcon-tentsdiagrams(C)inFROcelllysatesafterdatanormalizationconsideringtheβ-actincontentontherespective track. c.u. -conventional units. M ± Se, n = 3.
Fig.2.TheeffectofthecombinedactionofpaclitaxelandNF-κBinhibitoronactivationandcontentofpro-andantiapoptoticproteinsinFROcells.IdentificationofproteinsbyWesternblotanalysis(A,B).M±SE, n = 3
content of which at the Ptx action increased nearly 5 times. Thus, in tumor cells, the defense mechanisms opposed the proapoptotic processes induced by Ptx, are activated, which to some extent could neutralize apoptotic. Addition of DHMEQ to the incubation medium caused significant suppression of the apoptosis-inhibitors expression, especially of XIAP, the content of which is reduced to essentially lower level than in the control sample (Fig. 2, C) . Thus, NF-κB directly or indirectly controls the expression of apoptosis inhibitors -cIAP2, XIAP and survivin in thyroid cancer cells. The combined action of Ptx and NF-κB inhibitor reduced the expression of proteins-inhibitors of apoptosis that could enhance apoptotic processes in the cells of anaplastic thyroid carcinoma.
As shown earlier, signaling systems that counteract the proapoptotic effects of Ptx in the thyroid tumor cells were PI3K-and MAPK-dependent pathways [3] . Therefore, to clarify the mechanisms that enhance apoptosis in the presence of DHMEQ we studied activation of mitogen-activated protein kinases, namely, analyzed phosphorylation of one of the key protein of this cascade -cRaf-1. It can be seen that Ptx enhances cRaf-1 phosphorylation (Fig. 2, B, C) . In the presence of increasing concen- trations of DHMEQ, protein phosphorylation gradually attenuated, which indicated the kinase inactivation. Thus, one can conclude that NF-κB activates mitogen-activated protein kinases in anaplastic thyroid carcinoma cells. The obtained data are interesting because cRaf-1 (MAPKKK) is a component of signaling cascade Ras/Raf/MEK/ERK -the kinase upstream in the regulatory chain of protein kinases MEK1/2 and ERK1/2, which play an important role in control of the proliferative potential, and apoptotic processes in different tissues [19] , including transformed cells of the thyroid [20] . We have shown previously that inhibition of this signaling cascade by specific inhibitors enhanced Ptx-induced apoptotic processes [3] . It is known that Ras and associated signaling cascade is експериментальні роботи able to activate NF-κB, especially in tumor cells [21] , but the reverse effect of factor on this cascade was studied insufficiently. One of possible mechanisms of this activation can be a release of protein kinase TLP2 from the complex, consisting of MAPK/p105-subunit of NF-κB/TLP2 [22] .
Since NF-κB is a transcriptional factor that is able to regulate the expression of a number of antiapoptotic proteins, role of MAPK in these processes remains unclear and requires further elucidation. Perhaps MAPK through activation of appropriate transcription factors further enhances survival mecha nisms.
effect of Ptx and DhMeQ on mitochondria. Study of the effect of both drugs on mitochondria showed that Ptx concentrations, which induce classic apoptosis (5-10 nM) did not cause significant changes ΔΨ m (Fig. 3) . The number of cells with lost mitochondria potential increases at higher Ptx concentrations of 50 nM (25.9% of cells) and, especially, at 100 nM (up to 44.1% of cells).
The NF-κB inhibitor, DHMEQ, also predetermined loss of mitochondria ΔΨ m in concentration 5 μg/ml (20.6% of the cells) and 10 μg/ml (50.6% of the cells), and its effect was stronger compared to Ptx (Fig. 3) .
Thus, low concentrations of Ptx and DHMEQ do not affect ΔΨ m , and high levels of the drugs trigger in thyroid tumor cells processes of necrotic type.
Cell survival determination at Ptx and DhMeQ impact. In in vitro experiments anaplastic thyroid cells incubation with Ptx caused their death (Fig. 4,  a) . The drug concentrations starting from 2 nM proved effective. A more detailed study of ultralow and low Ptx concentrations showed that the addition of DHMEQ in the medium increased the cytotoxic effect of Ptx, but only in rather narrow range of low concentrations of the drug (0.5-5 nM) (Fig. 4, B) .
In subsequent studies we used mutARO cellscell line with a mutation in the gene encoding IκBα. As a result of mutations serine residues 32 and 36 are replaced by alanine, and this protein cannot be phosphorylated by IκBα-kinase (IKKα). Thus IκBα acquires resistance to ubiquitinilation and degradation in proteasomes, which, in turn, causes inhibition of NF-κB activation [17] .
Fig . 5 , a shows that Ptx cytotoxicity in the cells with IκBα mutation increases at low concentrations of the drug. A more detailed study of Ptx action at low and very low concentrations showed that the increase of Ptx effect is observed only in 1-10 nM concentration range (Fig. 5, B) .
Thus, Ptx concentrations starting from 2 nM are effective. It should be noted that the drug concentrations in the range of 2-25 nM cause apoptosis, whereas higher concentrations lead to cell cycle arrest and necrotic processes [3] , which is confirmed by the data presented in Fig. 3 . According to the theory of "wounds that do not heal" [23] in tumor treatment it is essential for anticancer drugs to cause not necrosis but apoptosis. Necrosis stimulates supplying of tumor with growth factors, cytokines and "building materials", and hence enhances its regeneration and growth. The practical implication of the results is that lower doses of Ptx, toxicity of which to the whole organism is widely known, can be used in further preclinical and clinical studies of inhibitors of NF-κB signaling pathway.
Ptx and DhMeQ effect on xenotransplanted tumor. To investigate the effect of Ptx and DHMEQ in vivo, FRO cells (5 x 10 6 cells per animal) were injected s.c. into both flanks of female BALB/c nu/nu mice, and kept until the tumor size reached approximately 100 mm 3 . Ptx and DHMEQ were injected intraperitoneally. Measurements carried out in 7 days after the start of drug administration showed that in control mice tumor volume had increased about 3.5 times, DHMEQ (8 mg/kg/day) and Ptx (10 mg/kg/ day) significantly inhibited tumor growth, with the latter significantly more effective than NF-κB inhibitor (Fig. 6) . It is important to note that the combined effect of both compounds proved to be significantly more effective compared with the effect of each of these compounds separately (Fig. 6) .
In another experiment, concentration of Ptx, injected into mice, was reduced to 2 mg/kg/day and the experiment was prolonged to 20 days. The Tab le shows that in control mice tumors grow linearly with time and on the 20 th day reach more than 10-fold size експериментальні роботи compared to the initial tumor volume. DHMEQ itself inhibited the tumor growth only about 2 times, while Ptx reduced tumor volume compared to control mice, starting from 11 days of treatment, and on the 16 th day the tumor size was reduced to several mm 3 . A combination of both compounds was even more effective -tumors completely disappeared on day 16 (Table) .
In this manner, NF-κB inhibitor, dehydroxymethylepoxyquinomycin, suppresses the expression of proteins-inhibitors of apoptosis that enhances the cytotoxic effect of paclitaxel in human anaplastic thyroid cancer cells.
NF-κB transactivates a mitogen-activated signaling cascade that may indicate the existence of an additional antiapoptotic effect mechanism of this transcription factor in anaplastic thyroid cancer cells.
The combination of paclitaxel and NF-κB inhibitor is a promising option for preclinical studies on the treatment of invasive and radioiodine-resistant forms of thyroid cancer. Note: Data are expressed as a percentage; 100% was the average tumor size in each group (n = 9) before drug administration. P -significance of differences from control values. * Difference between combined effect of paclitaxel with DHMEQ and effects of these compounds separately -significant, P < 0.05; + tumor reduction compared with control (100 mm холей, что достоверно отличалось от эффектов каждого из соединений, введенного отдельно. таким образом, комбинированное примене-ние паклитаксела и ингибитора NF-κВ подавля-ет биохимические процессы, обусловливающие устойчивость клеток анапластической карцино-мы ЩЖ к действию паклитаксела. к л ю ч е в ы е с л о в а : щитовидная желе-за, паклитаксел, NF-κВ, анапластическая карци-нома, апоптоз.
references
